The synthesis of the principal cottonseed storage proteins during embryogenesis has been foUlowed by analyses of stained protein gels and of fluorographs of protein synthesized in vivo and from purified RNA in vitro in the wheat germ system. The kinetics of in vivo labeling as well as immunochemical cross-reactivity indicate that the 52-and 48-kiLodalton mature storage protein sets are derived from 70-and 67-kilodalton precursor protein sets that are abundant proteins in embryonic cotyledons and disappear in late embryogenesis. Identification of the initial translation products of the storage protein mRNA has not been clearly established although products of apparent molecular weights of 69,000 and 60,000 are the likely storage protein precursors.
Storage protein synthesis falls off markedly in late embryogenesis simultaneously with the loss of a superabundant class of mRNAs (shown by cDNA:RNA reassociation) that are presumed to be those for the storage proteins. The synthesis of these proteins ceases abruptly when immature embryos are removed from the boll and allowed to germinate precociously or when this precocious germination is prevented by incubation in abscisic acid. Thus, abscisic acid is not implicated in the expression of the storage protein genes.
A scheme involving co-translational processing into vesicles, glycosylation, and slow in situ cleavage to produce the mature storage proteins is proposed.
We have attempted to follow during embryogenesis the synthesis of the principal storage proteins of cotton cotyledons which were identified and partially characterized in the preceding paper (8) . The accumulation of these proteins (and their precursors) was followed by the 2D2 electrophoresis of proteins extracted at intervals during embryogenesis. To follow their synthesis, the incorporation of radioactive amino acids into them in intact cotyledons was assessed by the fluorography of 2D protein gels (in vivo synthesis) and estimates of the levels of their mRNAs were made by measuring the synthesis of their initial translation forms with mRNA isolated at stages in embryogenesis utilizing the wheat germ in vitro protein-synthesizing system.
The measurements reported here were made with cotyledons taken from embryos that were 50 and 100 mg in wet weight and from cotyledons from the mature seed. These sizes were chosen 'Supported by funds from the National Science Foundation, Department of Energy, and Cotton, Inc. 2Abbreviations: 2D, two dimensional; ID, one dimensional; kD, kilodalton; IgG, immunoglobulin G; PAS, periodic acid-Schiff.
since they represent distinct phases of embryogenesis, i.e. 50-mg embryos are in the cell division phase of embryogenesis whereas 100-mg embryos are in the maturation phase characterized by a high endogenous level of AbA (17) . The mature seed represents the termination of embryogenesis.
MATERIALS AND METHODS
Plant Material, Chemicals, Isotopes. Mature seeds and immature embryos of cotton (Gossypium hirsutum, var. Coker 201) were taken from greenhouse plants. Acrylamide From the above it is apparent that the system is synthesizing between 1 to 2 pmol protein.
We assume from previous experiments that the cotton total RNA preparations contain about 2% mRNA (10, 14 (10, 14) . This yields an average mRNA length of about 1,500 nucleotides which is in agreement with the average size determined for cotton cotyledons by other means (10, 14, 29) . Since (9) and the antigen and antibody solubilized by incubation at 37 C in Laemmli sample buffer (19) for 30 min. Aliquots of the supernatant from this solubilization step were applied to the ID gel without further treatment. The IgG fraction prepared in the same way from a nonimmunized rabbit was carried through the same procedure as a control.
Preparation of Cotton RNA for Translation. Total high mol wt RNA was prepared from 50-and 100-mg embryo cotyledons and dry seed cotyledons by a protocol that involved solubilization by SDS, deproteinization with phenol and chloroform, and salt precipitations with LiCl and Na-acetate. The details of this procedure have been presented elsewhere (10) .
Nucleic Acid Hybridization. mRNA-poly(A) was prepared from 50-and 100-mg cotyledons and from dry seed cotyledons by published techniques (10) as was DNA complementary to 50-mg embryo cotyledon mRNA-poly(A) (10) . Their rate of reassociation in excess mRNA-poly(A) was measured by a protocol involving S, nuclease digestion and binding to DE-81 discs as described by Maxwell et al. (22) . The details of this procedure have been published elsewhere (10) . 
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pellet fraction present in 50-mg embryo cotyledons. The pl isomers of the 52-and 48-kD storage protein sets are the most abundant proteins in this tissue at this developmental stage as they are in mature cotyledons (8) . However, two other sets of proteins having pl heterogeneity are also present in this fraction that are absent in mature cotyledons (8) . These When the time period of pulse labeling is increased to 6 h, the specific radioactivity of the 52-kD set is increased and appears to be equal among the individual members of the set (Fig. IC) . If the 6-h incubation in isotope is followed by a 10-h further incubation without isotope, the 70-and 67-kD protein sets lose considerable radioactivity (Fig. ID) Figure 2 . The figure also shows that the 70-kD protein set forms immunoprecipitates with both sets of antibodies. As mentioned, the kinetics of labeling and the common glycosylation intensity shown (Fig. IA) suggests that the 52-kD set is derived from the 70-kD set; however, the derivation of the 48-kD set as well from the 70-kD set cannot be ruled out since they also are seen to share common immunological determinants.
In most of the repetitions of this experiment we have observed the faint rocket immunoprecipitate formed by the 67-kD protein set with both IgG fractions which is visible in Figure 2 . The relative paucity of this protein set in the ID gels ( of the 70-kD precursor protein set decreases relative to other pellet proteins during the maturation phase, and it and the 67-kD set are absent in mature cotyledons as noted before. Figure 3 , A through C, shows this disappearance from stained 2D gels. (Only the portion of the slabs corresponding to the segment of the isoelectrofocusing gel from pH 5.8 to 7.4 is shown in this figure.) Part A shows the pellet protein from 50-mg embryo cotyledons; part B, from 100-mg embryo cotyledons; and part C, from mature seed cotyledons.
Since, when 50-mg embryos are pulse-labeled for 6 h with radioactive amino acids, the 70-, 52-, and 48-kD protein sets are by far the most heavily labeled proteins found in the total protein of cotyledons (see Fig. 7, top) , it seems likely that the storage protein mRNA should be among the very abundant mRNA sequences in the tissue. Should these sequences decrease in late embryogenesis, this should be demonstrable by cDNA:mRNA hybridization experiments designed to measure the relative concentrations of mRNA sequences (Fig. 4) . Here cDNA synthesized to mRNA-poly(A) from 50-mg embryo cotyledons has been reassociated to the homologous RNA from which it was synthesized, to mRNA-poly(A) from 100-mg embryo cotyledons, and to mRNA-poly(A) from mature seed cotyledons, and the rates of reassociation measured. A computer analysis of the kinetics of these reassociation reactions along with many others dealing with mRNA populations in cotton embryogenesis and germination will be published elsewhere (11) . However, Figure 4 shows that there is a superabundant mRNA subset in 50-mg embryo cotyledons that has decreased 10-to 15-fold in concentration in 100-mg cotyledons and has vanished as an abundant component in mature seed cotyledons. It should be noted that the members ofthis subset have not disappeared completely in mature seed cotyledons since the mRNA-poly(A) from this tissue drives all the 50-mg embryo cotyledon cDNA into hybrid.
Kinetically, this superabundant mRNA subset behaves as if it were comprised of only one to three different sequences. This very low number possibly indicates again extensive sequence homology between these storage proteins that is suggested by the immunochemical cross-reactivities; that is, this protein sequence homology is reflected in Figure 4 as sequence homology among mRNAs. Finally, it should be possible to follow the concentration of the mRNAs for these storage proteins directly by examining the products of in vitro translation programmed by mRNA obtained from cotyledons of the three developmental stages. When this was done utilizing the translating system from wheat germ, no products 4, i '. instead the extensive in vitro synthesis of protein having a mol wt of about 60,000 and the somewhat less extensive synthesis of protein of about 69 kD. The synthesis of these species, which seem to be the only products with mol wt appropriate to be possible precursors of the storage proteins, is not as extensive as might be expected in view of the apparent superabundance of these mRNA sequences shown in Figure 4 . This inconsistency is probably due to the large number of incomplete protein chains present in the reaction after 90 min and to nuclease/protease shortening of mRNA and translation products that plague the wheat germtranslating system.
We have attempted to establish that these large translation products represent the initial translates of the mRNAs for the mature 52-and 48-kD proteins by immunoprecipitation of these products with the antibodies raised against the 52-and 48-kD protein sets. Lanes 4 and 5 of Figure 5 show the translation products precipitated by the anti-52-and anti-48-kD protein IgG fractions, respectively, by the double immunoprecipitation procedure. Both sets of antibodies precipitate the 69-and 60-kD translation products; however, lower mol wt protein species are precipitated also; one of about 50 kD and others in the 35-to 40-kD range. The specificity of these immunochemical reactions is indicated by the fact that none of these translation products are precipitated when the IgG fraction from nonimmunized rabbits is used in the procedure. The diffuse radioactivity in lanes 4 and 5 conceivably represent incomplete protein chains of the 69-and 60-kD proteins that, although of much lower mol wt, contain the antigenic determinants. The immunoprecipitable 50-kD protein is inexplicable as yet. It cannot be identified as a specific protein or protein set on 2D gels and may represent incomplete chains or the products ofersatz processing reactions that the wheat germ systems can carry out on the higher mol wt translation products. It should be noted that the 60-kD translation product is a poor antigen with either of the antibody preparations. It is precipitable in high yield in the double immunoprecipitation procedure only if the antibody preparations are included in the translation reaction and the immunochemical reaction allowed to continue for many hours after the translation reactions have been stopped. If the translation mixture is first treated with TCA or acetone to precipitate protein and then antibodies added to the solubilized precipitate after the manner of Chua (3) and many others, the 69-and 50-kD translation products are immunoprecipitable in good yield, whereas only traces of the 60-kD protein can be precipitated. This phenomenon in which antibodies to mature proteins react poorly with initial translation products that are destined to undergo extensive modification is not unusual (9) and has been found in the case of storage proteins of peas (16) .
When the radioactive translation products programmed with mRNA from the three developmental points are separated on the 2D system and fluorographed (Fig. 6) , the 69-and 60-kD proteins are found to be protein sets having pI heterogeneity. The 60-kD set is indicated by the arrow. Furthermore, these proteins, which are among the abundant products of 50-mg embryo cotyledon RNA (top), are much less abundant among the products of 100-mg embryo cotyledon RNA (middle) and are not found among the products of mature seed cotyledon mRNA.
From these results, and those given in Figure 4 , it seems apparent that the decrease in storage protein synthesis is due to a loss of its mRNA sequences.
Abscisic Acid Does not Influence Storage Protein Synthesis.
We have found that when cotton embryos are removed from the boll during the cell division stage, cell division ceases and precocious germination ensues unless it is prevented by incubation of the embryos in AbA (17 Plant Physiol. Vol. 68, 1981 whose precocious germination is arrested by AbA. In both instances, the conversion of the 70-kD precursor set to the 52-kD set goes to completion which is shown in Figure 3 , parts D and E. In part D, the stained pellet protein from 50-mg embryo cotyledons that have been excised and incubated on moist filter paper for 4 days is shown. These embryos have begun visible precocious germination. Comparing this gel with that in part A reveals that the 70-and 67-kD protein sets have disappeared as abundant proteins and that the 52-and 48-kD sets have also decreased in amount. (Protein from twice as many cotyledon pair equivalents has been used in part D as in part A.) In the case of nongerminating embryos incubated 4 days in an AbA solution (part E), the 70-and 67-kD protein sets have disappeared, but no decrease in the 52-and 48-kD protein sets is noticeable. (Again, protein from twice the cotyledon pair equivalents has been used in part E relative to part A to emphasize the disappearance of the precursor protein sets.)
The cessation of storage protein synthesis is more compellingly demonstrated in Figure 7 which shows the products of in vivo synthesis contained in the total protein fraction from cotyledons of pulse-labeled 50-mg embryos (top), from those excised and allowed to germinate precociously 4 days (middle), and from those excised and incubated in an AbA solution for the same period (bottom). The labeling period for the excised embryos was the last 12 h of the 4-day period. In this set of fluorographs, the synthesis of some of the abundant proteins that are synthesized in 50-mg embryo cotyledons continues in both sets of dissected embryos. Several of these are circled for orientation. The AbA-treated cotyledons are found to continue the synthesis of many proteins seen in the 50-mg embryo cotyledon synthesis, yet the synthesis of proteins not seen in the starting material is notable in the AbAtreated cotyledons. (In other experiments, we have observed that these proteins appear in stained gels as well as in the fluorographs of pulse-labeled proteins from cotyledons further along in embryogenesis when the endogeneous AbA concentration has increased. A strong case can be made that some of these proteins (and their mRNAs) become members of the abundant set in response to high levels of AbA. These data will be published separately.)
The most pronounced difference in the abundant proteins being synthesized in vivo between the 50-mg embryo cotyledons and both sets of excised cotyledons is the absence in the latter of storage protein synthesis. Identical results have been obtained with all age groups of embryos treated in this way (from 35-110 mg fresh weight). Furthermore, when RNA extracted from excised embryos of any age precociously germinated ± AbA is used to program protein synthesis in the wheat germ system, the 69-and 60-kD translation products are not detectable (data not shown). Thus, the cessation of storage protein synthesis in both sets of embryos is due to the loss of its mRNA. 
DISCUSSION
From these results it is clear that the synthesis of the principal storage proteins of cotton involves a complex sequence of events that will finally be described in detail with difficulty. It is apparent that the 52-and 48-kD mature protein sets are not synthesized from mRNA as molecules of these sizes. The 70-kD precursor set appears to be a very long lived intermediate in the synthesis of the 52-kD set based on the kinetics of in vivo labeling of the two sets, on the occurence of common antigenic determinants, and on the fact that both sets are glycosylated. That the 70-kD set also gives rise to the 48-kD set cannot be ruled out since they also share antigenic determinants, but the apparent lack of substantial glycosyl residues on the 48-kD set makes this seem unlikely. Also conceivable from the immunochemical experiments is that the 48-kD set is derived from the 67-kD precursor set that does not accumulate to an appreciable extent perhaps because it is more rapidly processed to the 48-kD set. 
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In either case, the size of the peptide cleaved off is extremely large (about 15-20 kD), far too large to represent a signal peptide that is involved in the co-translational passage of nascent proteins into vesicles (1) such as protein bodies in this case. Furthermore, the size is much larger than has been found for the transit peptides involved in the post-translational passage of proteins through organellar membranes (4, 7, 15) . In fact, a case can be made for the cleavage events taking place inside the protein body itself. The existence of glycosyl residues on the 70-kD set suggests that it has already passed into a vesicle and is found in toto in crude protein body preparations from immature embryos (8) . Further, its long life time is not common to known examples of co-translational and post-translational processing. It is likely that the smaller polypeptides resulting from these postulated in situ cleavages of the 70-and 67-kD sets persist in protein bodies without undergoing further degradation. As mentioned before, we have observed that some of the smaller polypeptides of the pellet protein fraction that are abundant in stained gels are labeled only slowly in in vivo synthesis. They would not be expected to react immunochemically with antibodies made to the 52-and 48-kD sets. Evidence is accumulating that an analogous case of in situ cleavage of long lived precursors may take place in the synthesis of some of the storage proteins of peas (6, 16) and of soybeans (27, 28) .
The identification of the initial translation products of the storage protein genes is also complicated by the common antigenic .determinants (sequence homologies) that must characterize these products as they do the mature protein sets. In vitro synthesized products with apparent mol wt of about 69,000 and 60,000 are precipitated by antibodies to both the 52-and 48-kD sets. The simplest picture that can be drawn to date, based on current concepts of protein processing, is schematized in Figure 8 . Here, the 69-kD set of in vitro products are shown to give rise to the 67-kD precursor set seen in stained gels and in fluorographs of in vivo labeled protein. The small change in mol wt would be the result ofprocessing via the co-translational passage into the protein body vesicle. In situ cleavage would produce the 48-kD set ofthe mature seed cotyledon. The 52-kD set is shown in this scheme to arise from the 60-kD in vitro products by glycosylation that accompanies passage into the vesicles. A signal peptide could also be lost in this passage but not noticed because of the apparent increase in molecular weight caused by the sugar residues. The very slow in j situ cleavage produces the 52-kD set that, along with the 48-kD set, characterize the mature seed cotyledon. Some of the events postulated in Figure 8 are not without analogies in other higher plants. Differences in the degree of glycosylation among members of storage protein sets that appear to represent a multigene family because of immunological crossreactivity, and that result in large differences in apparent molecular weights, have been found in Phaseolus vulgaris (13) Figure 6 . S 1 1 . . . I -_ ---------------" r ----| --| 
